Insulating substrates allow for in-plane contacted molecular electronics devices where the molecule is in contact with the insulator. For the development of such devices it is important to understand the interaction of molecules with insulating surfaces. As substrates, ionic crystals such as KBr, KCl, NaCl and CaF 2 are discussed. The surface energies of these substrates are small and as a consequence intrinsic properties of the molecules, such as molecule-molecule interaction, become more important relative to interactions with the substrates. As prototypical molecules, three variants of graphene-related molecules are used, pentacene, C 60 and PTCDA. Pentacene is a good candidate for molecular electronics applications due to its high charge carrier mobility. It shows mainly an upright standing growth mode and the morphology of the islands is strongly influenced by dewetting. A new second flat-lying phase of the molecule has been observed. Studying the local work function using the Kelvin method reveals details such as line defects in the center of islands. The local work function differences between the upright-standing and flat-lying phase can only be explained by charge transfer that is unusual on ionic crystalline surfaces. C 60 nucleation and growth is explained by loosely bound molecules at kink sites as nucleation sites. The stability of C 60 islands as a function of magic numbers is investigated. Peculiar island shapes are obtained from unusual dewetting processes already at work during growth, where molecules 'climb' to the second molecular layer. PTCDA is a prototypical semiconducting molecule with strong quadrupole moment. It grows in the form of elongated islands where the top and the facets can be molecularly resolved. In this way the precise molecular arrangement in the islands is revealed.
Introduction
In molecular electronics studies the main idea is to replace existing semiconductor functional units such as diodes and transistors by molecules having functionalities by their chemical design. This can be done using single crystals [1] , using thin films, e.g. in organic light emitting diodes, or, pushing miniaturization to the ultimate limits, even using a single molecule [2] . Such ideas have triggered a variety of studies of molecular layers and single molecules on surfaces with scanning tunneling microscopy (STM) [3] [4] [5] [6] [7] [8] .
In such STM studies, the adsorption geometry and possible functionality of the molecule is investigated. When the STM is approached to even closer distances, molecules are contacted
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by STM in a two-terminal arrangement [9] [10] [11] [12] [13] . However, it is not simple to produce a large number of such STM contacted molecules on a small area, the technique is non-scalable. Also, the arrangement is affected by thermal drift. A third contact needed to build a transistor is difficult to integrate. Amongst the efforts to connect electric leads to molecules [14] , an alternative approach is to use several probes to study electronic transport through the molecule in an in-plane configuration [15] . Such in-plane contacts are much more stable than STM configuration [16] . For this approach, either free-standing contacts or insulating substrates are needed. For these technological reasons, there is a clear need to understand the interaction of molecules with insulating substrates.
The interaction of molecules with insulating surfaces is also of particular fundamental interest because the surface energies of insulators are in general small compared to metals. Therefore, single molecules are more mobile and must often be studied at low temperatures to be immobilized. The main components governing molecule-substrate interaction are often the van-der-Waals and the electrostatic interaction. These are of fundamentally different nature on insulators compared to metals. Because the interaction with the substrate is weak, molecule-molecule interaction comes to the foreground and can more easily be studied. A rich variety of island shapes can be observed. These island shapes are in addition influenced by kinetic effects depending on the barrier height of the diffusion processes involved. As a result the molecular arrangements are in many cases peculiar as will be shown for C 60 . A key problem is to tailor the structures of molecular conformations on the surface, because electronic transport is strongly related to the structure [17] . In general, for long molecules two main orientations are observed: upright standing or lying configurations. Pentacene has-due to its shape-highly aniso tropic conduction properties and it is therefore important to gain control over its growth. It has been possible to use kinetic effects to obtain some control over the growth direction [18] . If the intermolecular interaction is temperature dependent this allows to tune the growth as has been done for example for Sn-phtalocyanine which grows in several ordered phases [19] . Dewetting is an expression of the molecule-surface interaction and kinetics and has been studied in detail [20, 21] .
Scanning force microscopy (SFM) is a method of choice to study molecular arrangements on insulating surfaces, because it can easily be used to study island shapes in the micrometer and nanometer range through the local measurement of forces such as van-der-Waals and electrostatic forces [22] . In addition, SFM is ideally suited to study insulating surfaces with atomic resolution [23] [24] [25] . This method also provides molecular resolution not only on metals [26, 27] , but also on bulk insulators [28] [29] [30] [31] [32] [33] , for an overview, see also [34, 35] . If stiff force sensors and small oscillation amplitudes are used, the method even yields atomic resolution on molecules [36, 37] .
Another key problem for molecular electronics is to understand the electronic properties of the molecules in contact with insulators: a contact to another material often leads to charge transfer, shifts the Fermi level of the molecule and as a consequence strongly influences electronic transport. This has been the subject of intense study [38] [39] [40] [41] . The Kelvin method, where the contact potential difference between tip and surface is nullified, allows to determine local variations of the contact potential. It has been shown that the value of the work function depends on the orientation of the molecule [42] and that additional structures of electrostatic nature can be found on molecular islands that help to better understand the molecular arrangement [43] and charge trapping [44] [45] [46] . Charge transfer is often related to electronic hybridization between the molecule and the surface. Electronic hybridization should also be considered to understand electronic transport [47] . Placing the molecule on insulating substrates allows to study charge injection into molecular islands [48, 49] .
This review centers on three aromatic molecules all of which can be viewed as variants of graphene: pentacene, and C 60 , as graphitic compounds, and PTCDA, as a graphene variant with additional oxygen atoms. All of them have sizes on the order of a nanometer. We will mainly focus on ionic crystals as substrates and on experiments performed under ultra-high vacuum conditions where molecular resolution was obtained. We discuss both the large-scale structure of molecular islands created by growth and dewetting, as well as the molecular arrangement and the electronic properties as determined with Kelvin probe SFM.
Self-assembly of molecular layers

Overall thermodynamic considerations
Self-assembly is defined as the formation of structures from pre-existing components (i.e. molecules). This formation should be reversible and should be controlled by the design of the pre-existing components [50] . These principles have been employed in solution chemistry and one has made use of hydrogen bonding, donor-acceptor interactions, and metal coordination interactions for controlling the processes and holding the components together [51] . In 1987, Donald J. Cram, Jean-Marie Lehn and Charles J Pedersen were awarded the Nobel prize for their development and use of molecules with structure-specific interactions of high selectivity. It has been stressed that self-assembly allows to encode information on the building blocks and their mutual interaction in the formed structures [50] . Here, we discuss how the concept of self-assembly has been extended from solution chemistry to the vacuum [3] and in particular to ionic crystalline surfaces [52] . We keep the required condition that the components must be able to move with respect to one another to explore several configurations, make and break bonds and find equilibrium [50] .
Self-assembly implies to use thermodynamics to obtain particular structures of molecules on surfaces. The results of the thermodynamic ordering process should be controlled by controlling the thermodynamic details of the different processes occurring at the surface. Many aspects depend on the energy scales involved which are hierarchic and define which processes are accessible at the temperature of study. Phase transitions and thermally activated processes are readily described in a statistical way. Influencing both the magnitude of energy barriers and relative energies of the states is central in influencing the structures on the surface. As a general rule the rate of a thermodynamical process f is given by
where T is the temperature, ν 0 is the attempt frequency, Δε is the energy barrier to overcome, k B is Boltzmann's constant. Not only the relative energies of the different states are relevant, but energy barriers existing between various states could be used to stabilize non-equilibrium situations: if the energy barriers are small enough to be overcome at experimentally accessible timescales, the relative abundance of the excited state is determined by its energy difference to the ground state and the surface is in thermodynamic equilibrium. If the energy barriers are higher, the surface could be trapped in a kin etically hindered non-equilibrium state.
In thermodynamic equilibrium, a defect with a certain energy required for forming it, has a certain probability to exist given by temperature. Examples are vacancy-adatom (vacancy-adsorbed molecule) pairs, on-surface two-dimensional (lattice) gaseous atoms or molecules in thermodynamic equilibrium with atoms or molecules attached to islands [53] , or steps on a flat surface in equilibrium with the flat parts of the surface [54] . This is taken into account by using the Gibbs free energy ΔG = ΔH − TΔS instead of the formation energy Δε. This has been investigated for dibutyl sulfide molecules at low temperatures [55] .
In these considerations the dimensionality of the objects under study plays an important role because it determines the number of chemical bonds and thus has a direct influence on the energy of the state, see table 1.
Hierarchy of energy scales
For studies of molecules on ionic crystals, generally molecules are deposited on freshly prepared clean surfaces using thermal evaporation. The dissociation energy of the molecules should be the largest energy scale, because the molecules should be evaporated and deposited on the surface without damaging their inner structure. The evaporation energy of molecules generally increases with size. This requirement limits the size of molecules to be studied on surfaces. The situation could be changed when one attempts on-surface synthesis [57, 58] .
The second largest energy scale should be desorption from the surface since we require the structures to form on the surface. This review is specifically concerned with insulating surfaces. The surface energies of insulators are usually much smaller than the ones of metals. As a result, molecules generally desorb at much smaller temperatures compared to metals.
Next we assume the presence of islands without discussing here the detailed kinetic process of their formation but rather focus on their structure. These islands have an elastic energy if they are slightly deformed from equilibrium and the local interaction energy with the surface [59] . Their structure is the result of optimization between these two energy contrib utions which occur at the same energy scale. The elastic energy is given by the molecule-molecule interaction. The local interaction with the surface is related to the energy barrier for diffusion. If the local interaction dominates over the elastic energy of the island, the island's structure is strongly influenced by the substrate resulting in a substrate templating effect [52] . This situation is not often achieved on insulating surfaces. One reason is that the molecules are generally much larger than atomic unit cells and that for geometric reasons it is hard to find suitable adsorption for many molecules in the large unit cells. Another reason is that the diffusion barriers are often small on insulating surfaces. Usually the desorption energy is related to the diffusion barrier for surface diffusion. Since for insulating surfaces, the desorption energy is small, also the diffusion barrier is usually small, an exception is discussed in the section 6.6 where for the C 60 on KBr(0 0 1) system the relation of diffusion and desorption energy is different compared to the C 60 on graphite system. As a result the surface does not strongly influence the structure of the island often resulting in islands having the bulk crystalline structure. While this is an advantage if the intermolecular interactions are to be studied, it is a disadvantage for keeping the island in contact with the substrate. Often low temperatures are needed. To attach molecules in a more stable way to the substrate, anchoring strategies are used which are discussed below in section 2.3.1 on molecule-substrate interactions.
For rather perfect insulating surfaces, as achieved by cleaving, the island density could be used to estimate the diffusion barrier from the size or density of islands [60, 61] . However, the density could be influenced by the interaction of molecules with atomic scale defects created by interaction with charged particles such as electrons [62] . In the context of molecules on insulating surfaces, templating is achieved by interaction of the molecules with substrate steps. Trapping of molecules by artificial pits has been explored where the pits were also created by electron irradiation [63] . Trapping occurs if the energy barrier for diffusion across steps, the Ehrlich-Schwoebel barrier is large enough, which is often the case [64] .
Interactions
Molecule-molecule interactions.
For molecular selfassembly, weak interactions between molecules are needed. Traditionally, mostly the van-der-Waals interaction and hydrogen-bonding were used [65] [66] [67] . Amongst the forces that govern supramolecular assemblies on insulating surfaces are also the van-der-Waals forces [68] , electrostatic contrib utions such as dipolar forces [69] and hydrogen-bonding [70, 71] . For a comparison of the strength and properties of various interactions, see [52] . The van-der-Waals interaction is non-directional and only poorly selective. Hydrogen bonding is anisotropic and highly directional. It results from a charge distribution that favors a hydrogen located between two negatively charged species [72] . It has been believed earlier that the proton takes part in a covalent bonding where the proton is shared between bonded molecules, but this has been disproven. However, the hydrogen bond does have some covalent character [73] . An additional bonding type is the well-known π-π-interaction that leads to a special stacking of aromatic π-electron systems [74] . In addition intermolecular interactions particular to certain types of atoms have been added. These are not to be confused with covalent bonding. Examples so far mainly used on metal surfaces are the halogen bond [75] , the pnicogen bond, where P and N are bonded to electron donors/acceptors [76] , and the carbon bond [77] .
Molecule-substrate interactions.
All relevant interactions at the nanoscale result from electromagnetic interactions [78] . These could be put into three different categories [73] : interactions resulting from the charge distribution, interactions resulting from polarizations and interactions resulting from quantum mechanical effects. Electrostatic forces between point-like objects are longranged and isotropic. The electrostatic interaction between extended objects, however, e.g. in the situation where a molecule approaches an ionic crystalline surface, is generally different. In a simple (toy) model [79] we consider a plane of periodically arranged rigid ions of alternating sign and we consider its interaction with a point-like charge, possibly a molecule. Solving the Laplace equation,
where Φ( x) is the electrostatic potential and ρ( x) the electrostatic charge distribution, becomes easier in two dimensional Fourier space. Since the arrangement of charge is periodic with lattice constants k x in x-direction, and k y in y-direction, taking the derivative of Φ( x) reduces to multiplying by ik x or ik y respectively. Since in the space between the point-like object and the periodic charge arrangement of the surface, there is vacuum, and the interaction must be zero at infinite distances, one obtains
With
It becomes clear that the forces decay exponentially as a function of distance, with a decay constant related to the lattice constant of the periodic arrangement. As a consequence, the molecules feels a force only when it is approached to within interatomic distances to the surface. These considerations also apply to tip-sample forces measured in SFM experiments [80] .
For van-der-Waals interactions at first approximation we expect the main contribution to be uniform on the surface without atomic-scale variations. The interaction laws for various shapes of molecules are discussed in [73] . The above considerations apply, too, but only lead to small variations on top of the uniform background.
In addition to electrostatic and van-der-Waals forces, covalent bonding should be considered. It has been found that molecular electronic orbitals can hybridize with surface-orbitals even for insulating surfaces with a wide band gap [47] . The hybridization was found to be related to the polarizability of the molecule: for strongly polarizable C 60 , it was much stronger compared to PTCDA. Charging molecular islands could be a route to study charge attachment and stability that is related to electronic hybridization as has been shown for C 60 on a NaCl(0 0 1) surface [49] .
A route to tailor the interactions of molecules with surfaces is to add anchoring groups with known and strong tip-sample interactions [35, 81] . Three main strategies were identified: choosing an appropriate molecule-surface interaction, matching the substrate with the molecular size and periodicity of the layer and increasing the number of strongly interacting functional groups. In particular it has been stressed that the calcite(1 0 4) surface can act as a proton acceptor, making it prone to interaction with acids as has been demonstrated using carboxylic acids.
Epitaxy of molecular layers
Epitaxy occurs if there is a fixed relationship between the crystallographic lattice of an overlayer with that of the substrate. Such relationships occur after minimizing the interaction energy with the surface as well as the elastic energy of the overlayer. Weak molecule-surface interactions together with the large size differences between the molecules and the substrate unit-cells cause unusual types of epitaxy rarely known from studies of pure elements. These types of epitaxy are typically of lower symmetry than the ones known from simpler materials. To discuss these types of epitaxy, it is helpful to put the two lattices into a relation to each other using a matrix
For commensurate structures, the numbers c ij are small integers [59] . For each unit cell, the unit cell of the overlayer is attached to a point of the substrate that is crystallographically equivalent by translation. Usually, these are points of high symmetry. For point-on-line epitaxy, only part of the c ij , located in one column, are small integers, see figure 1 . However, since one of the two columns of the matrix c must consist of integers, the lattice points of these structures lie on high-symmetry lines of the substrate. For coincidence structures, at least one of the matrix elements must be an irrational number and neither column must consist of integers. This definition is purely mathematic since on experimental length scales, one cannot determine the difference between rational and irrational numbers. In practice, one assumes a number be irrational if it cannot be represented as a fraction of small integers. In coincidence structures there exists a superstructure where after long translational periods, the overlayer structure reaches the same spot with respect to the surface 'by coincidence'.
Equilibrium growth and dewetting
Equilibrium growth can be viewed as resulting from different values of the surface energy, see figure 2 . Island growth or Volmer-Weber growth is observed when the surface energy of the substrate γ S is smaller than the combined energy of the interface γ i and the surface energy of the adsorbate molecule γ m . The system can gain energy by forming islands and exposing the substrate surface. If on the contrary, the surface energy of the substrate γ S is larger than the sum of interface energy γ i and the surface energy of the adsorbate molecule γ m , the system grows in a layer-by-layer growth mode, the Frankvan-der-Merwe growth mode. A mixed growth mode occurs when the interface energy γ i depends on the layer thickness. If the thickness of the adsorbate is small, the layer could grow in a layer-by-layer epitaxial fashion involving elastic deformation of the layer. Since the layer is thin, it is energetically not favorable to nucleate dislocations. As its thickness grows, the elastic energy stored in the system becomes larger. In addition, the surface energy change as a function of film thickness. Beyond a critical film thickness, the film continues to grow in islands. Islands grow on a wetting layer in the Stranski-Krastanov growth mode.
Dewetting occurs if the film first grows in a layer growth mode that is not energetically favorable but stabilized by kinetic hindrance. This often occurs if a system having a Volmer-Weber equilibrium growth mode is grown at temperatures lower than necessary for diffusion of adsorbates to the second and subsequent layers. Dewetting can also occur in a situation similar to the one described in the StranskiKrastanov growth mode where the favored film morphology changes with thickness. In contrast to the Stranski-Krastanov growth mode the wetting layer is removed for larger thicknesses as a result of dewetting.
The nature of the dewetting transition is linked to the definition of a disjoining pressure Π. It is used to describe the difference between the intermolecular interactions and the molecule-surface interactions. If dewetting occurs spontaneously, the situation is described by a negative disjoining pressure, the system gains energy in dewetting. Dewetting can occur due to a long-wave-length instability without overcoming an energy barrier. The process is then limited only by diffusion. In this case it is called spinodal dewetting and has similarities to spinodal decomposition [82] . If an energy barrier is overcome by nucleation and growth of holes, the disjoining pressure Π is positive.
where the surface energies γ are defined in figure 2 , t is the thickness of the molecular layer and V(t) is the interaction defining the disjoining pressure.
Physisorption and chemisorption on ionic crystalline surfaces
Often for metal surfaces, there are several phases for absorbed molecules. These occur by physisorption, where the the molecule-surface interaction is governed by van-der-Waals forces, and by chemisorption where the interaction is governed by charge transfer from the molecular levels to the Fermi sea of the metal or vice versa [83] . In the chemisorbed phase, the molecule has an equilibrium position that is closer to the surface compared to the physisorbed phase. Both phases can have an energy barrier between them [84] .
On ionic crystalline surfaces, a similar situation occurs concerning the substrate-templated phase compared to the bulk phase [21] . Both phases mainly differ by the epitaxy of the surface and the lateral position of the neighboring molecule with respect to a given molecule. Also here an energy barrier can separate the two phases. Since it is likely that the different lateral ordering also entails a different average distance of the molecule to the surface, these different phases could also be called physisorbed and chemisorbed.
Comparison of pentacene, C 60 and PTCDA
In table 2 the different observations reviewed in this article are summarized. Apart from the geometry of the molecules allowing for low-energy excitation of a rotational motion or not, many observations discussed in this review are indeed general for ionic crystalline surfaces.
Ionic crystalline surfaces
Preparation of ionic crystalline surfaces
Clean ionic crystalline surfaces needed for the deposition of molecules are often prepared by cleaving a single crystal. The freshly cleaved surface is influenced by local charge created during cleavage. In order to remove the charge, the crystals are usually heated in vacuum to speed-up electronic conduction. After removal of the charge, cleaved surfaces typically 50-100 nm distances between steps [33] or even larger, see figure 3 . Wedge-shaped structures where the steps are not aligned with high-symmetry crystallographic surface directions result from cleavage and are typical after mild heating.
Atomic resolution is readily obtained on terraces using SFM [23] . The measured contrast arises from atomic-scale electrostatic interactions with a decay length on the order of the lattice constant, see, e.g. [80] . If one thinks of the tip as being covered with ionic material, for example due to contact with the sample, the imaging ion experiences a repulsive short-range force on a surface ion of similar charge and an attractive short-range force on a surface ion of opposite charge [87, 88] . Further insight is gained from simulations [87, 89] . Atomistic simulations often use pairwise potentials, and relax the individual atomic positions under the influence of the calculated forces. Usually shell models are used, where the outer electronic shells are relaxed independently of the atomic positions to represent atomic polarizabilities. First, the force as a function of tip-sample distance is calculated. This force can also be measured experimentally and thus experiment and Observed [47] Absent [47] theory can be directly compared. For an overview on results on several insulating materials, see [25, 80] . A key problem is to determine the charge and chemical nature of the imaging ion. This has first been achieved for CaF 2 , where the symmetry of the charge distribution is different for positive and negative charge [91] . On KBr, such an asymmetry does not exist, making the problem more complicated. Determining the charge of the imaging ion has first become possible using measurements of the force as a function of tip-sample distance on particular atomic sites and a thorough comparison with atomistic calculations for KBr and NaCl [92, 93] . Later, this technique has been advanced in order to use the three-dimensional force field and to determine even the chemical nature of the imaging ion for KBr [89] . It has been found that the charge of the imaging ion can be determined from the topographical height differences measured on different ions [94] . Also there have been attempts to determine the charge of the imaging ion from the lateral extension of the imaged ions [95] . However, caution should be taken with this approach, because the lateral extension of the imaging ions depends strongly on the long-range forces and consequently on the sharpness of the tip [96] .
Steps and charge on ionic crystalline surfaces
Defects are of particular importance for ionic crystalline surfaces, because at defect positions the surface potential is altered which often means that it is stronger than on the perfect surface. This makes surface defects prone to attract molecules and to form nucleation sites. For an overview of SFM-imaging of defects on insulating surfaces, see [25] .
The cleavage process on NaCl-type surfaces typically results in steps running in arbitrary directions forming cleavage wedges. These contain a large amount of kink sites. After mild annealing, these are still present on the surface. After moderate annealing, steps typically run along the [1 0 0] directions. Perfect steps in these crystallographic are electrically neutral because negative and positive charge equilibrate. At step edges, because of the lower coordination, stronger electrostatic fields occur compared to the surface. At kink sites the coordination is even lower, and the electrostatic fields are even stronger [98] resulting in a strong relaxation of tip and surface atoms upon interaction. This strong interaction between steps and the tip can even lead to reversal of the tip polarity [95] . The potential associated with a step is found to be asymmetric [99] .
In the bulk of NaCl-type crystals of the highest available purity charged impurities occur with twofold positive charge such as Ca 2+ [100, 101] . Such positively charged impurities are more frequent than their negatively charged counterparts. This charge is equilibrated at the surface by forming a surface double layer. The negative charge accumulates on the surface and compensates the positive charge in the bulk. This negative charge accumulates at steps in particular trapping negatively charged vacancies at kink sites. Kelvin probe force microscopy images confirm this picture [97] , figure 4. In addition to these cation vacancies observed at kink sites, charged color centers are the well-known defects observed in bulk ionic crystals [102] .
Methods
Scanning force microscopy methods
In SFM [24, 103, 104] , a sharp tip is brought to close vicinity of a surface such that an interaction occurs, see figure 5. In the static mode this interaction is measured by observing the bending of a cantilever the tip is attached to with the help of a reflected laser beam. The tip or sample can be precisely positioned with respect to the other by means of a piezo-electric scanner, often a cylinder giving access to the tip-sample interaction as a function of tip-sample distance or as a function of lateral position of the tip. In the dynamic mode, the tip is oscillated [105] . The system of cantilever and tip-sample interaction can be regarded as being composed of two springs operated in series. One of these two springs, the tip-sample interaction, is highly non-linear. The resonance frequency of this system of springs depends on the tip-sample interaction and can be precisely determined experimentally.
The tip is oscillated by an oscillating excitation voltage applied, e.g. to a piezo-electric bar mounted under the cantilever. The resonance frequency of the cantilever as it changes due to the tip-sample interaction can best be determined if the amplitude of the tip oscillation remains constant. A constant-amplitude measurement mode also allows to measure any dissipative tip-sample interactions independently of the conservative forces [106, 107] . A feed-back loop keeps the cantilever oscillation amplitude constant by adjusting the excitation voltage amplitude. The resonance frequency is measured by a phase-locked-loop, containing a feed-back loop that keeps the phase of the oscillation within 2π with respect to the phase of the excitation by adjusting the excitation frequency.
The forces measured in SFM are often divided into two groups-long-range and short-range forces. This division does not refer to their precise functional dependence on distance, but to their decay length: forces decaying over a distance similar to 1-10 nm are called long-range, whereas forces decaying over a distance of less than 1 nm are called short-range. Long-range forces arise from the van-der-Waals interaction of the body of the tip with the surface and from electrostatic forces due to an applied voltage or due to localized charges [22] . These long-range forces form a background to the high-resolution measurement and are best minimized by using a sharp tip. Short-range forces are chemical bonding forces showing the rich variety known from the quantummechanical treatment of molecules or solids. They strongly affect the position of the tip apex and surface atoms which relax under their influence.
The frequency shift for a given tip-sample interaction is largest when the oscillation amplitude is on the order of the decay length of the tip-sample interaction to be studied. Since the tip-sample interaction decays on the order of 1 nm [108] , the oscillation amplitude should be of a similar order of magnitude. If imaging is performed with conventional cantilevers, having a force constant of about 40 N m −1 , this bears the danger of experiencing a snap-to-contact, since the longrange forces arising from the body of the tip add to the shortrange forces and both together can outbalance the restoring force in particular at defect sites. Therefore, often oscillation amplitudes of several nm are used. On the other hand, tuning forks have been introduced as force sensors, because they have much larger force constants. With these, small oscillation amplitudes below 0.1 nm can be used [104] .
Kelvin probe force microscopy
When a clean Si or metal-coated tip is brought to close vicinity of a sample of a different material, electrons equilibrate the two different chemical potentials. This equilibration will lead to charging of tip and sample surface and to an electric field occurring between the two, see figure 6 . This electric field can be measured by SFM and minimized by applying a voltage to tip or sample. When this applied voltage equals the difference in work function, the forces are minimized. This method, named after its inventor, Lord Kelvin, can be used to measure the local contact potential difference (LCPD) using SFM [109] [110] [111] .
For overlayers of a different material, a direct comparison of the two materials' work function is possible, since both of them are measured with respect to the same reference, the tip. Often the view is expressed that the work function of a given material should be constant. This is, however, not always the case. The local contact potential difference depends on the crystallographic orientation of the crystal and can in addition differ for the different parts of a reconstruction as has been observed for Au [112] . For a molecular overlayer it can also depend on the orientation of the overlayer [42] .
For insulators, not only the work function but also localized charges and dipoles can lead to a difference of the local electrostatic field and thus to a change detected in the LCPD measurement [113] . It is found experimentally that the LCPD can also be measured on insulating surfaces, although the meaning of the results obtained has been discussed. The insulating crystal is generally placed on a grounded metallic plate, and its chemical potential is defined with respect to this metallic plate. Since conduction in insulators is not only small but also slow, it is possible that the value of the chemical potential changes slowly at the time scale of the measurement. However, since the movement of the tip is fast compared to the slow variation of the Fermi level, this still allows to measure local contact potential differences precisely. Distance dependent measurements show that the LCPD is constant as a function of tip-sample distance within the experimental noise limit at tip-sample distances above 1.5 nm [114] , see figure 7.
Molecular surface dipoles
The surface potential difference can be used to determine the dipole density at the surface. The surface dipole distribution in a metal is related to its work function Φ [115] .
where μ is the chemical potential in the metal far from the surface and p is the dipole moment per unit area at the surface of the metal. Such a dipole distribution at the surface exists even for a clean metal [116] . This charge arrangement is altered upon the deposition of additional layers. For molecular overlayers it can be described as the integral over the charge distribution averaged over an area given by the resolution of the tip
where h is the height of the molecule, h * is the length of the dipole and associated with the effective height of the molecule and Ω(x, y, z) is the surface charge density given e.g. in Coulomb times m per nm 2 . As already mentioned, the Kelvin method only provides information about local differences of the work function
which we can write also as
Following [117, 118] , we multiply by the area covered by each molecule and relate the charge density per molecule to the LCPD difference 
where A mol is the area occupied by a molecule. This allows to calculate the charge density per molecule with the measured LCPD and to obtain information on processes such as polarization of the molecule or charge transfer from surface to molecule.
Relation of the contact potential difference to the density of states
The LCPD can also be used to extract the density of states for semiconducting samples [44] . The charge concentration is given by
where q is the charge of a single carrier, for example −e for an electron, g(E) is the density of states and f FD (E) is the FermiDirac distribution which is usually relevant only in its tails and approximated as a Boltzmann distribution in semiconductors. We differentiate with respect to the applied voltage
The Ferm-Dirac distribution is much narrower than the density of states (and kT E F ), and its derivative can thus be approximated by a delta function.
Since δ(x/a) = aδ(x), we obtain
and finally
which allows to calculate the number of charges from a measurement of the LCPD.
Pentacene
Overview
Pentacene can be regarded as a piece of monolayer graphite, denoted graphene, i.e. as a nanographene where the edges are saturated with hydrogen, see figure 8 . It is considered a semiconducting molecule and has been largely investigated in the form of a thin film as a candidate for molecular electronics due to its large carrier mobilities [119] . Pentacene has played in important role for the development of atomic resolution on molecules using SFM [36] , figure 9. For these studies the molecule was placed on a NaCl overlayer on Cu(1 1 1) surface, where it assumed a flat-lying configuration. The tip was functionalized by picking up a CO molecule and the tip-apex was brought to a close distance range using a quartz crystal tuning fork. Usually pentacene is deposited on the surface by thermal evaporation at 335
• C, see e.g. [43, 120] . Pentacene is also the product of a single-molecule reaction of precursor molecules on a metal surface triggered in ultra-high vacuum by thermal treatment steps [121] . First, TB2TTA (2,5,9,12-tetrabromoanthra[1,2-b:4,3-b':5,6-b":8,7-b"']-tetrathiophene) is deposited by thermal evaporation on a Ni (1 1 1) surface. Then the substrate is annealed first at 100
• C such that pentacene is formed on the surface. On the other hand, pentacenequinone molecules deposited on a Cu(1 1 1) surface can be used to grow graphene by thermal treatments [122] . The quinone molecules are deposited onto the heated substrate, then the substrate is heated to intermediate temperatures and finally to 600
• C to form the graphene layer.
Molecular arrangement on the surface
As many molecules do, pentacene grows in islands on the KBr(0 0 1) surface. Understanding the detailed molecular arrangement in these islands is vital to understand and tune the electronic properties. An important aspect of the molecular arrangement is the question whether molecules are standing upright or lying flat parallel to the surface. Usually, a flat-lying configuration is preferred, when the molecules have Figure 7 . The LCPD measured for PTCDA on NaCl(0 0 1) as a function of tip-sample distance using Kelvin probe force microscopy. Reproduced from [114] . © IOP Publishing Ltd. All rights reserved. a strong interaction with the substrate and can thus lower their energy in a flat geometry. On the other hand, pentacene has a system of π-electrons which tend to arrange in parallel to each other due to π-π-stacking. This is easiest to accommodate in an upright standing conformation.
While pentacene grows flat as a single molecule deposited at low temperatures [36] , it shows an upright configuration in islands grown at room temperature on bulk KBr (0 0 1) surfaces, see figure 10 . As can be seen from the line cut in figure 10(c) , the height of the molecular islands can be well explained by an upright standing layer. In such phases, the molecules are not oriented precisely in the perpendicular direction with respect to the surface. It is known that often these molecular layers have a small tilting angle that depends on the details of the molecular arrangement and that differs slightly for different substrates. For pentacene in the bulk phase the tilting angle was found to be 15° with respect to the sample normal and near zero for the thin film phase [123] [124] [125] [126] . These results agree well with x-ray diffraction and electron diffraction studies for pentacene on KBr(0 0 1) and KCl(0 0 1) that also reported nearly upright-standing pentacene islands [127] [128] [129] .
On SiO x pentacene grows in a nearly ideal layer-by-layer growth mode in the nearly upright configuration in overall reasonable agreement with our results [130] . This growth mode is influenced by the presence of a Schwoebel barrier [131] . A critical island size of nucleation of i * = 3 to 4 was found from a kinetic analysis [132] and i * = 4 from the scaling behavior of the island size distribution [133] . This critical nucleus is defined from classical nucleation theory, where the free energy is believed to show a maximum at the critical nucleus. If an island grows beyond the critical nucleus it will thus lower its energy by growing further.
On Cu(1 1 0) pentacene grows lying flat on the surface [134] similar to the growth of the first layer on Cu(1 1 1) [135] . Pentacene induces a charge density wave in Cu(1 1 0) that stabilizes the distance between neighboring molecular rows [134] in sharp contrast to its growth on insulators. On Cu(221) further layers grow in an upright configuration [136] . The first layer grows along step edges, but upon further deposition this order is not transferred to multilayers. On Au(1 1 1) the first layer also grows lying flat on the surface, while it is standing upright on a polycrystaline Au substrate [137, 138] . The molecules arrange in a striped pattern on the Au (1 1 0) surface [139] . This is in agreement with results on graphite, where also pentacene grows flat on well-ordered substrates, whereas it grows in an upright standing fashion on disordered substrates [140] .
On islands grown on KBr or KCl, we observe an additional substructure, marked by arrows in figure 13(a) : line-like structures appear that follow a 45° or 33° angle with one of the high-symmetry directions of KBr and 45°, 33° or 0° for KCl. This angle is the same within one area. Several of such areas or domains are present within the same molecular island.
In addition to the known phases discussed above one observes a phase of lying tilted molecules (denoted 'phase 2' in the following) unknown for KBr so far, but known for other surfaces such as Cu [135] . Such islands are visible through their smaller height compatible with lying molecules. While the first type of islands described above grows over the steps of the underlying substrate such that the substrate steps are visible through the molecular layer, the islands of this new phase remain confined to one terrace. Phase 2 is only observed for samples which show a high density of cleavage steps that are not aligned with the ionic crystalline high-symmetry directions.
A high-resolution image taken at low temperature shows the molecular arrangement in an upright standing island, see figure 11 . The image was affected by thermal drift. In addition, the island apparently had macroscopically changed after the measurement possible due to a strong interaction between tip and molecules during the measurement. In spite of these experimental difficulties we tentatively attributed molecules of a particular arrangement proposed from x-ray diffraction data to the topographic pattern observed, see figure 11 . Also a line defect, possibly a domain boundary, has been observed [120] . At the domain boundaries of a pentacene film on Cu (1 1 1) , the dissipated energy was found to increase strongly, probably due to the mobility of the molecules near the defect [135] . In figure 12 a structure model obtained from x-ray diffraction studies is shown for comparison [129] .
Growth and dewetting
Dewetting is important to understand the morphology of molecular films as they are viewed after deposition. Dewetting changes the morphology of a molecular film during and after growth. It occurs either when a continuous film grows for kinetic reasons, although island growth is energetically more favorable, or when the energy balance of the molecular structures is thickness dependent and favors a film for small coverages whereas for large coverages, island growth is energetically more favorable as in Stranski-Krastanov growth [21] . Images taken several hours to days after deposition allow to study the dewetting process as a function of time, figure 13 . The islands shown in this figure appear to have square edges aligned with the (1 0 0) and (0 1 0) directions of the substrate. A few days after deposition they become irregular and grow holes. In addition, the line-like substructure of the islands becomes more pronounced.
Dewetting often starts at or near defects. One type of defect where we often observe the onset of dewetting are small KCl islands. Another starting point of dewetting can be the end points of wedge-shaped cleavage structures, see figure 13 (c). In addition, it can be found that, as a consequence of dewetting, larger islands with several monolayers height grow at the expense of monolayer islands. Also in figure 14 multilayer islands are shown that grow as a function of time due to dewetting.
In the previous section we introduced phase 1 of upright standing molecules and phase 2 of lying tilted molecules, also denoted by 1 and 2 in figure 10 . Islands in phase 2 remain mostly stable as a function of time. Rarely, they are absorbed by phase 1 islands or by growing multilayers. This is mainly observed for islands surrounded by phase 1 islands or near multilayer islands. For isolated phase 2 islands it is also sometimes observed that these islands grow along high-indexed steps.
From x-ray diffraction measurements combined with SFM measurements, a model was generated where, for SiO x substrates, the center of the islands grow in the orthorhombic phase, covered by a layer grown in the thin-film phase followed by a top ordered in the bulk phase where the tilting angle is slightly different [141] . While we agree that there is a mixture of phases on this surface, this model contradicts our results showing that on KBr and KCl, by dewetting, islands of one phase grow while islands of another phase become smaller which point to the islands having a homogeneous phase [43] . Figure 11 . SFM molecular resolution on a pentacene island on KCl(0 0 1) obtained at low temperatures. After taking the image, the island had been modified. Several structures of the molecular layers are proposed due to the large thermal drift and possible modification of the molecular structure through the strong interaction with the tip. Reproduced from [120] . CC BY 3.0.
Electronic properties-local work function
To evaluate the possible use of pentacene as a molecular electronics material, it is fundamental to understand the electronic properties of the molecular layers. First, we focus on the electronic properties of the ionic crystalline substrate. On average, it must be uncharged. However, already the substrate shows local variations of the work function, i.e. bright lines at step edges. These lines arise from a negative charge accumulated at the step edges [97] . Such a negative charge occurs at the surface in an electric double-layer to equilibrate positive bulk charge due to positively charged bulk impurities (Mg
2+
). At step edges, K + vacancies cause a net negative charge of the step. These bright lines are visible even on top of the molecular layer.
Kelvin-probe force-microscopy images of the moleculecovered surface show that differently oriented phases of pentacene have different work functions, see figure 14 . In addition to the bright lines mentioned above, there are black lines in the middle of larger islands. These lines indicate the epitaxial directions of the overlayers in relation to the substrate and could be related to nucleation of the islands.
Analyzing the work function, we compare the polarizabilities of the molecule and the area it occupies in the different phases. We use equation (11) to calculate the dipolar density for the two different phases. We find that this cannot explain the different work functions that we observe. Also in the upright standing phase, the measuring tip is near the positive potential occurring at the ends of the molecules, while the tip is closer to the negative potential of the π-system when the molecule is flat-lying. This difference between the two phases should lead to the opposite effect on the work function compared to the one we observe. We have estimated a residual electrostatic field above the surface from force-distance measurements and calculated the dipole induced by this field. This field-induced dipole is too small to explain the observed effects. We would expect-due to the strong anisotropy of the molecule's polarizability-to observe a larger LCPD on the phase 1 islands compared to the phase 2 islands, in contrast to our experimental results.
In order to explain the observed contrast, we take charge transfer into account which is in agreement with the low polarization potential for pentacene. If we assume a distance of 0.5 nm between the charge, 0.012 e would be transferred per pentacene molecule for phase 1 and 0.118 e for phase 2. Considering that the charge could be distributed over the molecule for phase 2 (the flat lying molecules) but not for phase 1 (the upright standing molecules) the factor of 10 difference seems reasonable.
On SiO x also a shift of the LCPD has been measured by Kelvin probe force microscopy [142] . Here, it was concluded that the LCPD did not originate from charge transfer but from the dipole induced in the molecule trough the electrostatic field emitted by surface charge on SiO x . On Cu(1 1 1) it has also been observed that the LCPD was larger for the upright standing pentacene layers compared to the flat lying layers [135] similar to our findings for KBr and KCl [43] . Also for porphyrin molecules on graphite a dependence of the LCPD on molecular orientation has been found [42] . Charge transfer has also been observed in the case of C 60 on hydrogenated diamond [41] .
On insulating substrates, charge trapping in pentacene has been investigated [46] . It was found that the charge is strongly localized [45] and trapped mainly in intergrain regions [46] . Charges injected into a single pentacene island remain localized if the island is disordered while it is delocalized over the whole island for ordered islands [48] . Varying the distance of the resistance measurement with respect to an in-plane electrode, the resistance across a grain boundary was found to be large compared to the resistance of a grain for both sexithiophene [16] and pentacene [143] . Similar results were found using two SFM probes also for sexithiophene [15] . Charge trapping can be significantly reduced when additional organic layers are introduced [144] . 6. C 60 
Overview
On the one hand C 60 can be regarded as a prototypical sphere, on the other hand it is a special case of a carbon nanotube with zero length and a rolled-up version of graphene [145] . It consists of an arrangement of pentagons and hexagons known from soccer balls, see figure 15 . This simplicity and prototypical nature has triggered many studies concerning C 60 . Its interaction potential can be calculated analytically [146] . C 60 can easily be evaporated thermally at a temperature of the crucible of about 330
• C. For additional experimental details for sample preparation, see e.g. [32] .
A SFM image with resolution of the internal structure of a C 60 molecule is shown in figure 16 , see [147] . Over the years, imaging C 60 has contributed to the development of scanning probe techniques, in particular concerning growth on metal surfaces. Molecular resolution images have first been obtained on metal surfaces using STM where the growth mode was studied [148, 149] . It was found that molecules first absorb at intersections of step edges, then form chains and, at higher coverages, islands. Using SFM in constant force mode, islands grown on silicon and mica substrates were found to have a diso rdered molecular structure on the top layer [150] . Using an anchoring group attached to C 60 , a self-assembled monolayer was formed on a Au(1 1 1) substrate and imaged using SFM in constant force mode with molecular resolution [151] . An early study of island growth as a function of temper ature on GeS(0 0 1) found a strong dependence on substrate temperature [152] . While at temperatures above 200 °C only the first layer is stable, at lower substrate temperatures (180 °C) dendritic islands are formed and the higher layers form before the first layer is completed. Growth of C 60 on alkali halide crystals has been studied by transmission electron microscopy and by SFM [153, 154] . Hcp-als well as fcc-structured C 60 crystals were found. Also for these substrates, nucleation was found to start predominantly at step edges [155] . For an overview on C 60 growth on metals, see [4] , and for growth on semiconductor surfaces, see [156] .
Single C 60 molecules on surfaces
The adsorption of single C 60 molecules on the KBr(0 0 1) surface is important to understand nucleation of C 60 -islands on this surface. To study the interaction of single C 60 molecules with the KBr(0 0 1) surface in particular at step edges, images across KBr steps have been taken, see figure 17 . As discussed in section 3.2 at step edges, because of the lower coordination, stronger electrostatic fields occur compared to the surface.
For the step edge observed in figure 17 , stable imaging conditions are found for most of the step. The step edge is oriented in the [100] direction and therefore, averaged over the length of the step, it is electrically neutral. Similar to the KBr surface, one type of atom (either the positively or the negatively charged) is imaged as bright, i.e. as a topographic protrusion, while the other type of atom is imaged as black, i.e. as a topographic depression. This contrast can be explained on the clean KBr surface by adding short-range and long-range interactions between the surface and surface ionic material picked up on the tip [87, 89] . Here, compared to the clean surface an additional complication arises because it is possible that the tip has acquired a molecule from the surface. In view of the atomic resolution achieved it is unlikely that the tip apex consists of a C 60 molecule, because then a significant broadening of the surface atoms by convolution with the large tip would be expected. However, more complicated tip shapes including C 60 molecules as well as ionic material should be considered.
At the step edge the atoms imaged as protrusions appear somewhat brighter than the atoms of the same type on the terrace. The difference between the step atoms and the terrace atoms is, however, weaker than observed on a Cu surface covered with a thin layer of ionic material [98] . On the step we observe kinks with even stronger interaction due to the low coordination. In image 17 b) the kinks seem to have the structure expected, whereas for the corner observed in the upper part of the left step, where the upper KBr step forms a tip, one atom seems to be missing. However, this atom is of the type imaged as dark and as a consequence may not be detected.
We now discuss the streaky features observed at the kink sites and marked with an arrow in figure 17 (a) which we ascribe to single C 60 molecules. These features have a height of about 1 nm similar to the diameter of a C 60 molecule. The circular shape of the features is clearly distinct from instabilities on clean surface steps [95] . The lateral extension of the pattern is smaller than double the KBr bulk lattice constant in radius. From kinetic studies of C 60 on CaF 2 the critical island size for nucleation has been found to be i * = 1 [61] , this could be the nucleus of a C 60 island. This study will be discussed in more detail in the following where the morphology of islands will be discussed. For mobile molecules trapped in nanoscale pits [63] as well as for molecules on metal surfaces in a two dimensional gaseous state [53] , similar streaky features have been observed. Similar streaky contrast has been associated in STM images with the motion of single molecules [157] , see figure 18 .
The mobility of the molecule occurs on a similar timescale as that of the scan such that for part of some scans, the molecule is located under the tip, while it is elsewhere during the rest of the scans. The location of the C 60 molecule can change either by thermal hopping or by the interaction with the scanning tip. In addition to the movement of the molecule that occurs while the molecule remains bound to the kink site, the location of the C 60 molecule can change more macroscopically on the timescale of the measurement: the molecule pointed at with the arrow is observed in figure 17(a) , but has disappeared only one image frame later in figure 17(b) .
The interaction of C 60 with LiF was computed with special attention to the van-der-Waals (dispersion) contribution and found to be weaker compared to the interaction with semiconductors and graphite [158] . It remains an open question whether C 60 molecules prefer to bind to halides or to alkali ions. While one study found that C 60 favors an adsorption with a hexagon ring onto a surface K + ion based on density functional theory calculations [159] , and experimental study using halides such as Br − on Au (1 1 1) found that bromide adsorbs on top of C 60 , penetrates and even partly removes C 60 from the Au surface [160] . Both studies agree that the C atoms of C 60 interact more strongly with the halide.
C 60 islands are known to grow at step edges, in agreement with single C 60 islands as possible nuclei located at step edges. In addition islands grown on terraces are rarely observed. It also remains an open question how C 60 islands nucleate on terraces. Defect sites also exist on the free terraces and their density can be increased by sputtering or even by relatively mild treatments such as light electron irradiation [62] . It is well-known for metals that islands nucleate at such defects [161] , and a similar situation for C 60 nucleation on terraces is likely. Deposition of C 60 molecules to the Si(1 1 1) 7 × 7 surface leads to a stable situation where the molecules can be imaged without being moved [162] .
Adsorption of molecules to step edges and, in particular, kink sites has also been observed for other molecules such as truxenes [163] . Also for truxenes, streaky noise is observed due to the mobility of the molecules. Here, from a statistic of the length of the stripes, a mean residence time of 200 ms has been found. This could be compared to jumps of KBr on a KBr tip, where the mean residence time at low temperatures (about 8 K) was determined to be only 60 ms [107] . It indicates that the interaction energy of the molecules with the KBr step is larger than that observed in the pure KBr experiment. This could be explained taking into account that the coordination of the molecule at the step in a confined position between tip and surface is larger compared to a pair of K + and Br − ions. Indeed, it has been observed in calculations that K + and Br − ions confined between tip and surface can lower their energy by binding to both tip and surface simultaneously [164] . The molecular motion could be influenced by the interaction with the tip. Tip-induced molecular motion has been studied for anthracene molecules on Ag(1 1 0) using STM [157] , figure [157] . It has been observed how long-range forces help to assemble molecular species directly beneath the tip leading to contrast inversion [165] . Tip-induced electrostatic long-range forces have also been observed to cause condensation of molecules on metals [53] . From calculations it has been proposed that it is possible to manipulate C 60 molecules on the Si(0 0 1) surface using non-contact SFM even though there is no permanent contact between tip and molecule and even though the molecule is covalently bonded to the surface [166] . Furthermore, truxene molecules can even help reshape the surface [167] as has previously been observed for organic molecules on metals [168] .
Stability of few-molecule islands
Although there are indications that single C 60 molecules are the minimal stable nucleus for C 60 island nucleation, still the shape of few-molecule islands varies over time by thermal activation. The shape of such islands is governed by the interplay of temperature and the depth of the energy minimum for each molecule. In addition, the interaction with the SFM tip could influence the shape of the islands. Both effects have been studied in particular at the edge of islands. In figure 19 the edge of a C 60 island on the Au(1 1 1) surface has been studied with SFM. Near the edge, the corrugation and the lateral distance between neighboring C 60 molecules both increase. In addition there is a change in contrast from close-packed spheres far away from the edge towards an appearance more similar to a honeycomb lattice (an arrangement of apparent holes) near the edge. Also some streaks are observed which are roughly similar to the appearance of single C 60 molecules bound at kink sites discussed above. These are indications that the C 60 molecules located near the edge are more loosely bound.
A change of contrast as a function of tip-sample distance has also been observed for C 60 molecules imaged on rutile TiO 2 (1 1 0) [170] . This was interpreted with the help of a measurement of the frequency shift as a function of frequency shift setpoint, a quantity that is related to the tip-sample distance, see figure 20 . It was found that the frequency shift curves taken at different sites cross in agreement with the data obtained in images. Such a crossing of frequency shift curves had been proposed before for different materials such as Si(1 1 1) 7 × 7 [171] and the Au (1 1 1) herringbone reconstruction [169] . It has been investigated by simulations [172] and for C 60 on the TiO 2 surface [170] .
Molecular resolution has also been obtained at a C 60 step edge on the KBr(0 0 1) surface at low temperatures [173] . In this case, there was no indication of mobility of the molecules. In order to decide whether the temperature or the interaction of the tip had the dominant role in inducing mobility at the step edge, we can compare the interaction of the tip with the surface used in both experiments. For the experiment on the Au surface [169] , from the parameters given (frequency shift Δf = −40 Hz, resonance frequency f 0 = 150 kHz, longitudinal spring constant c L = 50 N m −1 and oscillation ampl itude A = 6 nm), we calculate the normalized interaction [174, 175] 
to be 6.2 · 10 −15 N m 1/2 whereas we find γ = 2.5 · 10 and A = 0.15 nm) used for the tuning fork in [173] . As a Figure 19 . SFM image of an edge of a C 60 island on Au (1 1 1) . A cut through a molecular resolution image shows that the distances between C 60 increase near the edge of the island. We attribute this to a strong interaction of the molecules with the tip. Image size (a) 20 nm × 20 nm, (b) 8 nm × 8 nm. Reproduced from [169] . © IOP Publishing Ltd. All rights reserved.
conclusion, in the experiment on KBr(0 0 1) [173] not only the temper ature, but also the tip-sample interaction was much smaller compared to the experiment on Au(1 1 1) [169] , and thus it is not simple to detect which of the two was decisive here.
In figure 21 a C 60 cluster imaged with non-contact SFM on the Au(1 1 1) surface is shown as described in [169] . The orientation of the C 60 molecules with respect to the Au substrate cannot be determined from the image. Possibly the molecule is rotating in the room temperature measurement. During consecutive scans molecules are removed from the cluster and therefore the number of molecules composing the cluster constantly decreases. However, no asymmetric shapes or defects are observed. Even if just one molecule is removed from a cluster of 19 molecules, a rearrangement of the cluster leads to a new close-packed structure with small surface energy. The molecules rearrange in a close-packed fashion due to the influence of temperature and/or the interaction with the scanning tip. More and more C 60 molecules are removed from the 19 molecule cluster until the final cluster contains only 7 molecules. This is in agreement with a simulation based on the potential derived by Girifalco [146] , where the clusters composed of 19 and 7 molecules, as well as the ones formed from 37 and 61 molecules, are found to be more stable structures of C 60 on graphite and could be called magic clusters [177] .
From mass spectrometry, from the periodic table of elements as well as from nuclear physics, e.g. it is well-known that an arrangement of objects can be particularly stable if closed shells are formed or a quantum-mechanically particularly stable state is reached. It is well-known that the raregases are chemically particularly inert due to closed electronic shell formation. For clusters found in mass-spectrometry measurements, also stable electronic shells can influence the stability of clusters of a particular size, called magic clusters. In addition to electronic closed shells, also the atomic arrangement can form closed shells, also leading to par ticularly stable clusters. A similar phenomenon has been observed for stable clusters of molecules on surfaces. On the Ag (1 1 1) surface, 1-nitronaphthalene leads to a chiral arrangement due to the structure of the molecule [176] . Clusters containing 10 molecules (decamers) are found to be much more stable compared to clusters containing 11 molecules (undecamers), see figure 22. For borazines on Cu (1 1 1) , regular heptamers appear to be most stable [178] . In addition, clusters composed of 13 molecules appear in richer abundance compared to other clusters.
Rotation of single molecules in islands
It has been debated whether C 60 molecules within islands at surfaces can rotate by thermal activation at room temperature. Through the high symmetry of the molecule, the rotational positions of the molecule are roughly equivalent with only a small deviation due to the atomic arrangement. To access all angles of a full rotation two angles are necessary. The question arises whether on KBr(0 0 1) both of these degrees of freedom are thermally activated or just one of them.
When studying C 60 molecules at room temperature, we have observed two different heights, see figure 23 . The observation of C 60 molecules with different heights implies that one of the two rotational degrees of freedom is fixed such that the C 60 molecule is oriented with a hexagon or a pentagon facing the substrate. The other rotational degree of freedom could still be thermally activated and the molecule could rotate around its central axis. The frequency shift was measured during imaging at different frequency shift imaging setpoints Δf at the position in the center between four C 60 molecules (position A), between two neighboring C 60 molecules (position B) and on top of a C 60 molecule on the rutile TiO 2 (1 1 0) surface using dynamic SFM. Since the frequency shift imaging setpoint is a function of tip-sample distance, the data is related to a frequency-distance measurement and confirms contrast inversion. Adapted from [170] . © IOP Publishing Ltd. All rights reserved.
Such a different height of molecules has also been known for C 60 on metals [180, 181] . On metals, this contrast can be related to the interaction of the C 60 overlayers with the metal, causing charge transfer and adsorbate-induced surface reconstructions. It has also been debated whether height differences of differently oriented molecules could lead to such a contrast on metals. The molecular structure of the topmost atoms on differently oriented molecules have been resolved by low temperature STM showing that at low temperatures the molecular rotation is blocked [179, 182, 183] , see figure 24. Similar effects have also been observed using SFM on insulating surfaces [184] . Also from SFM imaging contrast obtained on the Si (1 1 1) 7 × 7 surface, the precise orientation of a C 60 molecule located at the apex of the tip can be determined [185] .
The rotation of Cu-phtalocyanine molecules on a C 60 -island substrate has also been studied as a function of temperature [186, 187] . The molecular rotation is blocked at low temperatures, whereas the molecule can hop between six different orientations at room temperature. At room temperature only a temporal average of the molecular motion is observed.
Epitaxy
Determining the epitaxial relationship between the C 60 islands and the ionic crystalline substrates is difficult since the interaction between the molecules and many substrates is weak. For C 60 on KBr(0 0 1), the distance between islands is often several hundred to thousand nm, and often given by the distance of the cleavage steps on the KBr surface rather than by the molecule-surface interaction. The density of islands on the bare substrate may be governed by the defect density rather than the molecule-surface interaction. As a consequence the island shapes are strongly influenced by kinetic effects and it could be misleading to try obtaining information about the epitaxial relationship between molecules and surface from the island shapes.
Information on the energetically most favorable molecular arrangement is obtained by observing the high-temperature structure of an island, see figure 25 . As expected from the close-packed arrangement, the molecular islands assume a hexagonal shape. The island edges are arranged parallel to KBr step edges, which run in the (1 0 0) direction and equivalent. This could show that the templating effect from the substrate steps is stronger than epitaxial preferences.
From imaging an island and the substrate in the same image with atomic resolution on the substrate and molecular resolution on the molecular island, residual image imperfections related to the piezo-electric motion can be corrected and the epitaxial relationship between the island and the substrate can be determined. A possible structure, derived from images similar to the one shown in figure 26 in that way, is shown at the bottom of the figure. It is a coincident structure of the type depicted in figure 1(d) .
An additional structure has been observed in a further study [188] . In this study, additionally to the method described above, a moire pattern has been observed and was used to derive the epitaxial relationship. Both structures agreed with each other within the experimental error but differed from the one described in figure 26 . As a consequence, we believe that the molecules can grow in a variety of epitaxial structures on the KBr(0 0 1) surface since the energetic differences between the different structures are small. Also there seems to be no clear relation between the epitaxial relationship and the morphology of the islands. Similar epitaxial structures and morphologies are observed on NaCl [188] and on CaF 2 [189] .
A similar investigation of the different possible epitaxial orientations has been performed for C 60 on graphite [190] . In this conductive system, low energy electron diffraction experiments showed rings indicating a lack of a definite epitaxial relationship over large scales. A theoretical analysis shows that an epitaxial relationship is energetically favorable and that several orientations of the islands are possible.
Island morphology for larger islands
Island morphologies observed with growth of C 60 on KBr(0 0 1) are complex. In most cases the islands consist of large parts with two molecular layers thickness, even for small coverage. It is therefore mandatory to look first at the equilibrium state obtained at high substrate temperatures during deposition. At high temperatures the islands have a compact shape with an edge parallel to step edges [188] . The other edges are arranged at 120
• angles from this edge. If all edges were equally long, the islands would have a hexagonal shape. However, the edges aligned with the step are much longer than the other four edges. For KBr(0 0 1) surfaces, at room temperature, branched and compact islands coexist [188] . For CaF 2 substrates, it has been confirmed that the islands predominantly have a thickness of a molecular layer at low substrate temperatures [61] and two molecular layers at high substrate temperatures [189] .
At low temperatures compared to the activation energy barriers (here, this refers to room temperature), branched islands dominate on KBr, see figure 27 . The structure of these islands is similar on CaF 2 and has been explained by simulations [189] . A decisive role is played by upwards hops of molecules at step edges. At high temperatures, these are frequent, and continue to fill up the second layer until it is filled. The diffusion along step edges governs the shape of truncated hexagons. At low temperatures the upward hops occur on a slower time-scale than other processes. The second layer is mainly filled by deposition of more molecules on top of the first layer. These molecules have favorable positions at the edge of the island and therefore a rim around the island is formed. For kinetic reasons, before the rim fully encloses the island, the deposition is usually finished and the island shape continues to change by dewetting processes. Such processes mainly affect the monolayer-high part of the island and leave the double-layer parts unchanged, such that the monolayer parts are consumed and complex structures are formed. A more complete overview on cluster growth and the molecular processes that lead to particular structures is given in [191] .
The growth of C 60 on graphite is strongly opposed to the growth on KBr(0 0 1), see [192, 193] . For graphite, the first layer forms compact islands while starting from the second layer, branched structures are formed. The branched structures arise through a diffusion-limited growth mode and are of fractal nature [192] . Molecules located on top of a C 60 island are strongly limited in mobility compared to the molecules on the graphite substrate. Similar growth is also observed on SiC [194] .
The formation of branched islands can also be regarded as being a result of different surface energies. A comparison between C 60 islands on different materials of different surface energies show that, as expected, at larger surface energies, a wetting layer is formed (Stranski-Krastanov growth) while at smaller surface energies, islands are preferred (Volmer-Weber growth) [21, 85] . While on metals, compact flat islands with a large contact area between molecular islands and surface dominate due to their large surface energies, on insulators three-dimensional branched islands dominate. The dependence of the molecule-substrate interface energy on the different substrates is not considered in this comparison. It is implicitly assumed that the molecule-substrate energy has a given relationship to the substrate surface energy.
The picture becomes more detailed, but still strongly simplified, if one considers that together with energetic considerations diffusion governs the formation of molecular structures. In general, we expect that a large adsorption energy should be correlated with deep potential wells for the individual molecules and thus, slow diffusion. Here, we have two cases where the diffusion properties of molecules on the substrate compared to the diffusion properties of molecules on the molecular islands are inversed with respect to the adsorption energies: for C 60 on KBr(0 0 1) the energy of a molecule on top of a molecular layer is more favorable compared to the substrate and thus the molecules preferentially grow a second layer. Diffusion on the substrate is comparable to diffusion on the island. In contrast for C 60 on graphite, diffusion on the substrate is faster compared to diffusion on the island. These considerations are summarized in figure 28 .
C 60 island formation and dewetting has been compared on different ionic crystalline as well as a metal surface by using the surface energy as a parameter [85] , see figure 29 . The idea is to quantify the interaction of the molecule with these surfaces by just one parameter, the surface energy. Low surface energy materials are expected to show dewetting and high surface energy materials are expected to show wetting. Here, we attempt to add graphite to the picture. Its surface energy is even lower than the one cited for the lowest energy mentioned in figure 29 , with a value of only 54.8 mJ m −2 [195] . However, even though C 60 shows dewetting on KBr(0 0 1) [32] , on graphite it shows wetting comparable to the observations on CaC0 3 (1 0 1 4) which is reported to have a surface energy of 590 mJ m −2 . This shows that the surface energy alone cannot fully describe the interaction of molecules with a surface and that the detailed nature of the interaction should be considered rather than the surface energy of the substrate alone. The surface energy of the substrate is only a well-chosen parameter if the class of materials is not changed, e.g. for comparisons of different ionic crystalline surfaces.
PTCDA
Overview
3,4,9,10-perylenetetracarboxylic dianhydride, here referred to as PTCDA for simplicity, is a derivative of perylene which is also a nanographene, but wider compared to pentacene, see figure 30 . In PTCDA additional oxygen atoms are located at the ends of perylene. The presence of oxygen strongly modifies the charge distribution in the molecule compared to perylene. Due to the twofold symmetric arrangement of the charge, the molecule possesses no dipole moment, but a quadrupolar moment.
Compared to the previously described molecules pentacene and C 60 , where weaker charge effects are expected, the force field above PTCDA is strongly governed by the electrostatic fields generated by the quadrupolar moment. The role of electrostatic forces on imaging molecules with strong spatially dependent charge distributions, in this case acetate and triflouroacetate, has been investigated previously [196] . PTCDA has first been atomically resolved using STM on Cu(1 1 0) [197] . For an overview of PTCDA structures on noble metal surfaces, see [198, 199] . Confined PTCDA molecules in KBr pits have been investigated first on a surface with atomic pits intentionally created by electron irradiation [30] . It was found that the molecules primarily attach to step edges, see figure 31 .
PTCDA is evaporated at a temperature of 300 °C. For more details on the preparation process for many of the data shown here, see [33] .
Growth mode
Large images (figure 32) show steps on the KBr(0 0 1) surface and molecular islands with the shape of truncated pyramids.
The KBr (1 0 0) and (0 1 0) directions are aligned with the edges of the image. The KBr(0 0 1) surface shows structures characteristic for cleaving, in particular a large wedge-shaped structure running from top left to bottom right with the tip located at the bottom right. It also shows mostly square structures oriented in the (1 0 0) and (0 1 0) directions of KBr presumably resulting from the onset of desorption of KBr during heating. Most of the PTCDA crystallites have six different facets with angles of nearly 120° between the orientations of these facets. Some of the PTCDA islands are aligned with substrate (0 1 0) directions, but there is variability in the orientation of the island edges pointing to a rather small molecule-substrate interaction, as expected, with several possible epitaxial relationships. Instead, the islands are often located at lower terraces and aligned with step edges indicating that the growth is more strongly influenced by the templating effect of steps than by epitaxy.
The height of the islands varies from one up to about 30 molecular layers. It is known and there are also indications from figure 33 that PTCDA crystals arranges in molecular layers parallel to the surface. Figure 33 shows part of such a crystallite imaged with high resolution. On two of the facets molecular resolution is clearly observed. A more detailed analysis (see figure 34 below) shows that also the top of the island is molecularly resolved. From such images the number of molecular layers in an island can be counted. The height of this island is 27-28 molecular layers. Some ambiguities arise at the interface of the island with the KBr substrate possibly either due to the structure of the first molecular layer on the substrate or due to the convolution with the tip shape with a radius of below 10 nm. The third facet is steep and governed by the tip shape rather than the sample shape as a result of convolution effects. The measurement shows that the tip used for this experiment is indeed sharp with an opening angle well below 55°, as specified by the manufacturer.
The overall appearance of the islands is elongated. This shape of the island arises from the herringbone phase arrangement of the molecules. From the topography of the surface itself it is not clear whether the islands occur on a wetting layer or directly on the substrate. Since the molecule-surface interaction is rather weak, forming a wetting layer is unfavorable for energetic reasons, so a wetting layer is not expected. For NaCl(0 0 1) substrates, a dewetting transition has been observed. Before dewetting, the substrate is covered by molecules. Through dewetting, bulk phase islands grow. In the vicinity of the islands the substrate area has been imaged in the same image as the molecular islands and showed the NaCl structure [86] , confirming the local absence of a wetting layer. On NaCl, three different molecular arrangements have been found, one of which is bulk-like [200] .
Similar islands had been observed before at much larger length scales (>3 μm image size) using tapping mode SFM not only on KBr but also on NaCl and KCl [201] . From obtaining molecular resolution on several facets of a PTCDA island on metal surfaces (Cu(1 1 0), Cu(1 1 1) and Au (1 1 1) ), the three dimensional structure of an island has been determined and the structures of several islands were compared [202] . All crystals showed a layered structure with layers parallel to the substrate surface. However, the relative displacement of subsequent layers with respect to each other differed for the crystals investigated.
On glass substrates, the growth process has been analyzed using scaling theory [203] . In this theory, the surface roughness is analyzed mathematically with the help of the heightheight correlation function. The dependence of this function on time and the distance below or above the correlation length is described by power laws and offers insight about the growth mechanism. Scaling laws indicate an upward mound growth mechanism, with the measured scaling exponents indicating an anomalous behavior similar to growth of pentacene [131] . This growth mode is characterized by the competition of diffusion and high step-edge barriers.
Growth of PTCDA on NaCl-covered Cu(1 1 1) shows that PTCDA preferentially grows on Cu, but the structure is altered compared to pure Cu surfaces [204] . It is suggested that the observed rod structures arise from the formation of a Na x -PTCDA complex. Some molecules attach to vacancies at NaCl steps. For PTCDA on Ag (1 1 1) , also structures differing in their vertical stacking (called α and β-like structures) are found [205] . PTCDA grows here in the Stranski-Krastanov growth mode with a morphology transition as a function of substrate temperature during growth. This morphology transition concerns the way the rectangular bcc lattice of PTCDA is aligned with the substrate (Ag (1 1 1) ) hexagonal fcc lattice. At low substrate temperatures, the fcc (11 0) is aligned parallel to the bcc(0 0 1) direction of PTCDA (Nishiyama-Wassermann orientation), whereas at high substrate temperatures, the rectangular unit cell is aligned with one of the diagonals, i.e. fcc (11 0) is parallel to bcc (111) (Kurdjumov-Sachs orientation). Films deposited at high substrate temperatures are stable while films deposited at low substrate temperatures are metastable [206] . A line-like superstructure was found for PTCDA on Ag(1 1 1) using SFM [207] .
Molecular resolution
Molecular resolution has been obtained on the facet of a molecular island (figure 34). The experimentally obtained image was compared to a simulation using potentials from a standard database. The van-der-Waals interaction was treated using Lennard-Jones potentials. Even more details are resolved compared to molecular resolution images obtained on a KBr ultrathin film on Ag(1 1 1) [208] . For typical measurements with intramolecular resolution, the two edges in the long direction of PTCDA look somewhat brighter than the body of the molecule as has been observed for PTCDA islands confined to nanoscale KBr pits [209] . These experimental results were further investigated using first-principle simulations [68] . The experimental observation that molecules are trapped at kink sites was only reproduced by the simulations if a first-principles treatment of the van-der-Waals force was included. It was found that the van-der-Waals force dominates molecular binding for PTCDA on KBr. Also for PTCDA on rutile TiO 2 (1 1 0) it was found that the van-der-Waals (dispersion) force play a dominant role in chemisorption [210] . On a Cu(1 1 1) surface it was found that intramolecular contrast was only observed in the second layer of molecules [211] . This intramolecular contrast is in agreement with the molecule's internal charge distribution.
In the repulsive regime, where atomic resolution is obtained for a molecule, a simplified model has been proposed that allows to calculate the contribution of Pauli repulsion [213] . In this regime the forces are a measure of the electron density distribution in the molecule. In agreement with this assertion, at close tip-sample distances in horizontal cuts of three-dimensional force-field measurement, an image corresponding to the electron density distribution is obtained [214] . Force-field measurements on the Au (1 1 1) surface, where the tip was attaching to a PTCDA molecule that was lifted together with the tip and where the tip oscillation amplitude was only 0.02 nm-much smaller than the length of the molecule (1.4 nm)-showed several features upon approach [215] : first, attraction was observed, followed by a sharp repulsive peak. These features arise from the contact of the small edge of the molecule with the surface, where the molecule has an extended configuration between tip and surface. Then the interaction weakens until, 0.7 to 1.1 nm closer to the surface more features are observed, presumably due to a configuration where the molecule is in a flat-lying configuration between tip and surface [216] . For PTCDA on Ag/Si(1 1 1)-( √ 3 × √ 3), intramolecular contrast was obtained, see figure 35 .
Also energy dissipation processes in SFM were described in detail for PTCDA on Ag [217] . Bistabilities occur in the potential-energy landscape during formation and breaking of a bond between PTCDA molecules on the surface and PTCDA molecules on the tip. The force during approach differs from the one measured during retraction. The hysteresis explains the measured energy loss. For similar measurements, with the help of calculations, an Ag-contaminated Si tip is identified as the most likely tip termination [218] . The energy dissipation can be explained as adhesion hysteresis involving a motion of the rather mobile oxygen groups at the side of the molecule and the more rigid perylene core. Similar molecular resolution images were obtained for PTCDA on KCl together with optical spectra [219] . The optical spectra were found to be particularly narrow for a metastable square phase on this surface. PTCDA has also been studied on NaCl, both by SFM [86] and by spot profile analysis low energy electron diffraction (SPA-LEED) [220] where the same structure was found. The structure alters by dewetting as a function of time. On Au (1 1 1) , PTCDA forms a variety of phases stabilized by hydrogen bonding, amongst them are different herringbone and square phases studied by STM and DFT calculations [70] . In contrast, on Ag(1 1 0) the molecules lie flat on the surface, oriented in the (0 0 1) direction of the surface unit cell, in a commensurate structure [221] . On InSb(0 0 1) PTCDA forms stripe-like structures with the long-axes of the molecules oriented in the [1 1 0] direction of the substrate [222] .
Conclusions
A scalable alternative to current device fabrication in molecular electronics relies on single molecules or molecular islands on insulating surfaces, contacted by planar metallic or other contacts. Designing working devices in this arrangement requires a detailed understanding of the interaction of molecules with insulating surfaces. While a number of STM studies of molecules on metallic surfaces have contributed to understanding molecules on metals, molecules on bulk insulators have received relatively little attention so far. Molecules on insulating surface are also interesting for their fundamentally different and much weaker interaction with the substrates. Due to this weak interaction, the moleculemolecule interaction becomes more important compared to metal surfaces. Here we have focused on alkali halides or earth alkali halides as substrates. Nanographenes, such as pentacene, C 60 or the oxygen-modified PTCDA have electronic properties that make them candidates for molecular electronics, in particular pentacene is known for its extraordinary carrier mobility. Studying and finally tailoring the structure of the molecular islands is important to understand and influence the anisotropic electronic transport and dewetting properties of pentacene. Studies of the local work function with the Kelvin method show different values of the work function for different molecular orientations. Such studies also reveal that line defects show a locally different work function that could lead to charge trapping. C 60 is nearly isotropic in contrast to pentacene and PTCDA, but has peculiar dewetting properties that cause the molecules to move to the second molecular island. C 60 nucleates at step edges with a single molecular nucleus that can be imaged with SFM despite its local mobility. Molecular islands show additional stability to the force applied by the tip, when they are composed of a magic numbers of molecules. For the bulk insulator PTCDA, the elongated islands can be molecularly resolved even on the facets such that the molecular arrangement in the islands is studied with great detail. The islands are composed of layers of molecules arranged in a herringbone phase. ORCID iDs R Hoffmann-Vogel https://orcid.org/0000-0003-4984-6210
